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Introduction
Epidemiology study factors affect the health and illness of people and provides the starting point for the necessary interventions for the purposes of public health and preventive measures. The focus is on the determinants and distribution of disease frequency, in the interests of public health management. Spatial epidemiology assesses the distribution of the disease, thereby providing analysis and description of the geographic variations in the disease in line with the socioeconomic, environmental, demographic and infectious behaviour, among others.
It, most importantly, helps in determining the relationship between the disease and potential environmental hazards. 1 Asbestos exposes people to chronic lung diseases, due to the inhalation of asbestos fibres, and is characterised by diffuse interstitial fibrosis, frequently associated with pleural fibrosis or pleural calcification. The pulmonary fibrotic changes develop slowly over the years. 2 Asbestos causes cancer of the lung, malignant mesothelioma of the pleura and peritoneum, cancer of the larynx and certain gastrointestinal cancers. The risk of these diseases increases in time with cumulative exposure to asbestos fibres. 3, 4 Epidemiological evidence helps in defining and measuring the risks of asbestos exposure. Further epidemiological studies are necessary to determine the relationship between asbestos exposure, particularly the low level exposure, and its potential carcinogenic role with other carcinogens in the evolution of the wide spectrum of human malignancy. 5 This is important also to the postexposure environment to monitor progress and potential risks. Asbestos mining used to be one of the main economic activities in South Africa. The asbestos minerals that used to be mined include amosite (grunerite), crocidolite (riebeckite), chrysotile, anthophyllite and tremolite. The common asbestos minerals which are found in the study area are amosite, crocidolite and chrysotile. 6 The first recorded Pollution resulting from former asbestos mines is a serious health concern in South Africa. 8 Mine rehabilitation has been undertaken in Mafefe and Mathabatha as a way of reversing the negative impacts caused by asbestos mining to the environment and rural communities. Original Research: Spatial epidemiology risk assessment for rehabilitated former asbestos mining areas and evaluation strategy and protocol have been developed and implemented. 9 As in other parts of South Africa, asbestos rehabilitation has not been monitored in the study area. Rehabilitated former asbestos mining areas tend to have a significant amount of exposed fibres of different asbestos minerals that contaminate water, soil and air. This makes the areas more prone to resurfacing of asbestos fibres and, hence, an epidemiological risk. Ideally, rehabilitation should be able to reduce the exposure of the trace asbestos mineral fibres. The need for monitoring is to detect and determine whether rehabilitation succeeds in reducing such exposure. 9, 11 The conventional monitoring process would involve field spot checks, collection of samples in the field and subsequent analysis of the samples in a laboratory. It would be difficult to follow this process on a regular basis in the Mafefe and Mathabatha areas as the terrain is very rugged (Figure 2 ) and difficult to access for normal field-based monitoring methods. Therefore, lower contact techniques, such as remote sensing, become attractive only if they are able to provide the necessary information. The question that the study reported in this paper sought to answer is whether or not remote sensing techniques could actually provide such necessary information.
The study investigated the feasibility of using remote sensing to spectrally differentiate various types of asbestos minerals through reflectance spectroscopy. As traces of asbestos minerals are considered point sources of pollution, this study will make a contribution towards asbestos monitoring. In this respect, the specific objective was to determine whether traces of asbestos minerals from the soil and water samples of the rehabilitated environments could be identified using spectral signature analysis. Furthermore, the study aims to establish to what extent these results can be used for the purpose of pollution monitoring and spatial epidemiology risk assessment. Conventional laboratory investigations (X-ray diffraction and scanning electron microscopy) were conducted for the identification and characterisation of asbestos minerals in the rehabilitated sites, and also to verify the reflectance spectroscopy findings.
Overview of remote sensing techniques
Remote sensing techniques provide information about objects by recording radiation reflected and/or emitted from such objects. They are based on the understanding that each object reflects or emits radiation in a more or less unique way, and that different objects could be distinguished through their 'spectral signatures'. The techniques use 'sensors' that are normally mounted on satellites and aircrafts. There is also in situ remote sensing under which the sensors could be mounted on some other devices close to the ground, or even hand-held. Reflectance spectroscopy is a form of in situ remote sensing which is normally used in the laboratories or on the ground to record the reflectance properties of the targets/objects. It has traditionally been used to validate data obtained from satellite and airborne sensors. Reflectance and emittance spectroscopy of natural surfaces are sensitive to specific chemical bonds in materials, whether solid, liquid or gas. Spectroscopy has Original Research: Spatial epidemiology risk assessment for rehabilitated former asbestos mining areas the advantage of being sensitive to both crystalline and amorphous materials, unlike X-ray diffraction. The advantage of spectroscopy is that it is very sensitive to small changes in the chemistry and/or structure of a material. Variations in material composition often cause shifts in the position and shape of absorption bands in the spectrum. Spectrometry is derived from spectrophotometry, the measure of photons as a function of wavelength. 12 Data acquired by air-borne or spaceborne sensors cannot be considered in isolation, since effective data interpretation requires a detailed understanding of the processes and interactions occurring at the Earth's surface. In this respect, a fundamental component of understanding hyperspectral sensors is the laboratory and field measurement of the spectral reflectance of different surfaces. 13 Spectroscopy is an excellent tool, not only for detecting certain chemistries, but also at abundance levels unmatched by other tools. For example, each layer of a layered silicate absorbs radiation almost independently from its neighbours. The absorption of photons does not depend on the longer range crystallographic order, as is required to give distinctive X-ray diffraction patterns. 12 Reflectance and imaging spectrometry have been developed largely for use in geological applications, partly due to the recognition that a wide range of rock-forming minerals has distinct spectral signatures. Numerous publications have provided detailed laboratory spectra of rocks and minerals and their mixtures, as well as accurate analyses of absorption features, many of which have been obtained from laboratory measurements. These serve as spectral references to those measured by ground radiometers or air-borne/space-borne sensors, with spectroscopic criteria applied to identify and map minerals and alteration zones. 13 Significant advances have been made in the development and application of geographic information systems (GIS) and remote sensing (RS) in the public health discipline. They are used to study the spatial and temporal patterns of diseases. GIS and RS offer powerful means for disease mapping, ecological analysis and epidemiological surveillance. They also significantly assist with the assessment of the distribution of health-relevant environmental factors via interpolation and modelling. They therefore complement conventional ecological monitoring and modelling techniques, making it possible to understand complex relationships in the ecology of diseases. RS provides a unique source of data that can be exploited to characterise climate and land surface variables at different spatial resolutions. It permits the calculation of vegetation indices, land surface temperatures, atmospheric and soil moisture together with rainfall indices. This provides an opportunity to characterise the bioclimatic parameters and other environmental parameters that makes the area prone to diseases. A combination of satellite-derived indices and field-based measurements are often used to characterise factors that make the environment suitable for the spread of diseases. Because disease vectors have specific requirements regarding climate, vegetation, soil and other edaphic factors, and are sensitive to changes in these factors, remote sensing can be used to determine their present and future spread and thereby predicting their distribution. Ecological analysis is targeted on the description of relations existing between the geographic distribution of diseases and environmental risk factors. 14, 15 With the increase in availability of satellite images (low cost environmental and meteorological data sets), it is becoming more practical for epidemiologists to routinely utilise this information. However, most spatial epidemiology studies use multispectral satellite data, as opposed to hyperspectral sensors. Most regional remote sensing studies on health frequently use data available at local scale to extrapolate at a regional scale. 16 Several approaches are used in remote sensing to study spatial epidemiology. Inclusive approaches have been described by Herbreteau et al. The vector approach focuses on the analysis of ecological description of the environment, relating it to the risk of the presence of vector-borne diseases. The second is a pathogen approach where remote sensing helps in finding ecological conditions contributing to its survival and dispersion. This applies mostly to water-borne diseases. In these cases, climatic data and the delimitation of water extent or flooding areas will allow identifying hazardous areas. A human vulnerability approach is also used where socioeconomic data and cultural and behavioural information becomes a prerequisite. Satellite information cannot estimate human vulnerability to disease infection if it has no environmental origin or linkage. However, high spatial resolution images can show residential areas and allow calculating distances, for example between houses and hazardous areas. A public health approach can also be utilised to determine the prevalence of certain diseases in relation to the environments to which the patients are exposed. This helps to explain the cause of certain diseases if it becomes a common factor for most members of the population residing or working in a particular area. 17 Foresti et al 18 used infrared and Raman spectroscopic analysis to investigate the preferred Si and Mg ions replacement by Fe ions, as a function of Fe doping extent in a geoinspired synthetic chrysotile. However, the purpose was to obtain a clear correlation between cytotoxicity and chemical-physical properties of chrysotile fibres with Fe-doped chrysotile modifications. The focus is on the impurities, ion substitutions and structural disorder in mineral chrysotile fibres that affect its chemical-physical properties and its biological-mineral fibre interaction. This investigated the role of these substances in altering the chrysotile fibre and potentially making it more toxic. Results show that the infrared absorption band characteristic of stoichometric chrysotile nanocrystals change frequency for Fe-doped chrysotile. The change is also confirmed using Raman spectroscopic analysis. The structural modification allows hypothesising electrostatic interactions affecting the interlayer bonding and chrysotile fibre stability. The stability is associated to biopersistence closely related to asbestos health hazard. The results showed that Fe can replace both Mg and Si, differently modifying the chrysotile structure as a function of the Fe doping extent. 18 
Materials and methods

Research design and field data collection
The purpose of this research was to investigate the use of remote sensing comparatively with conventional sample analysis to assess the spatial epidemiology risk of the former asbestos mining area. This Original Research: Spatial epidemiology risk assessment for rehabilitated former asbestos mining areas sites. A systematic random sampling procedure was used to select sample sites for the areas within former mining sites, which covered fully rehabilitated, partially rehabilitated and water bodies in the study area. Within this design, sampling purposively covered significant research sites determined from the field surveys for long-term assessments. All sample sites are within reach of the local population, making it a public health hazard. The same samples were used for both remote sensing techniques (reflectance spectroscopy) and conventional sample analysis. This study did not require prior approval from an ethics committee, as there were no animal and human samples used.
Field surveys were carried out for physical observation of study sites and collection of samples. Forty-eight survey points were randomly selected for the whole project ( Figure 2 ) for physical observations of rehabilitated, unrehabilitated, partially rehabilitated and natural sites. Location of the sample sites was recorded using Garmin V Global Positioning System (GPS) at a resolution of below 20 m. The surveys assessed the extent of degradation and the extent to which mine rehabilitation improves the environment. 11 Samples used in this study are presented in Table 1 .
Ten soil samples were collected at the rehabilitated areas at a depth of 30 cm using a soil auger. Eight water samples were collected from the river flowing across the rehabilitated sites. Also, six wet soil samples were collected from the riverbed.
Reflectance spectroscopy
The collection, detection and recording of spectral reflectance of different asbestos minerals, soil and water samples were conducted using the Analytical Spectral Devices (ASD) FieldSpecFR spectroradiometer. 
Conventional sample analysis
Sample analyses were conducted using X-ray diffraction (XRD) and scanning electron microscopy (SEM) with energy dispersive microanalysis system (EDS). 
Results
The results assess the presence of asbestos fibres in the rehabilitated former asbestos mines. They are presented in terms of their type, quantity and different possibilities to detect the fibres using remote sensing and conventional sample analysis. The spectral characteristics of the minerals are used to profile their presence for risk assessment, whereas the conventional analytical methods verify and validate spectroscopy observations identifying samples beyond the detection limits of the spectrometer. The aim was to observe the limits for remote sensing spatial epidemiology assessments.
Spectral reflectance of asbestos minerals
The spectral characteristics of different asbestos minerals were recorded and observed. The results, the form of specific spectral reflectance curves, are plotted in 
X-ray diffraction
Amphibole was detected in all samples ranging from trace to ~51%. The highest concentrations were detected in samples WP58 cork2 (51%), WP58 cork1 (42%) and W66 (40%), all representing dry soil samples.
The wet soil samples appear to contain notably less amphibole minerals (2-4%) and similar results were obtained for the water residue samples.
Actinolite-tremolite, grunerite and riebeckite were positively identified in the samples where their concentration exceeded 10%. The results of XRD (Table 2) show generally lower content of asbestos fibres in wet soil and water samples as opposed to higher concentrations in dry soil. Assessment of asbestos pollution using reflectance spectroscopy Original Research: Spatial epidemiology risk assessment for rehabilitated former asbestos mining areas crocidolite curve. However, traces of possible asbestos were detected in these samples using conventional analytical methods, i.e. XRD reported 2-4% of amphibole minerals and their fibrous habit was confirmed by SEM. This is either because water absorbs a large proportion of radiation and reflects less back to the sensor, or because of trace concentrations of asbestos in these wet samples. These findings may suggest that reflectance spectroscopy cannot detect asbestos fibres from the wet soil and water samples. Figure 8 shows the spectral profile of crocidolite and that of a soil sample collected at site WP58. The two patterns compare very well, suggesting that the field spectrometer was able to detect the type and the presence of the asbestos fibres at this dry soil sample.
Discussion
Different asbestos minerals generally follow a similar pattern of reflectance and transmittance of electromagnetic radiation. Depending on concentration and level of reflectance, different asbestos types can be spectrally distinguished; this makes it possible to map them distinctively. The findings of reflectance spectroscopy were confirmed by conventional analytical methods for site WP58 only ( Table 2 , Figures  7 and 8) . The use of reflectance spectroscopy proved to be successful to detect the presence of asbestos minerals on dry surface area (soil). This implies that imaging spectroscopy can be used to map and monitor asbestos pollution on land surface over time, before reaching critical levels that are hazardous to the public health. Reflectance spectroscopy was able to detect traces of asbestos in dry soil samples. However, wet soil and flowing water samples showed inconclusive results, which implies that the usefulness of the reflectance spectroscopy in detecting and monitoring the distribution of asbestos is limited to reasonably larger areas on dry land surface.
This makes it an important method for spatial epidemiology risk assessment in former asbestos mining land surface areas. Unlike the conventional epidemiological studies, which rely on patient evaluations, this technique would provide much earlier detection of environmental hazards that are risky for public health. Usually, evidence of asbestosrelated illnesses in patients takes long after exposure to detect. This makes spatial epidemiology risk assessment using remote sensing a fast and reliable tool for early warning of potential disease detection.
Although the study reported in this paper was experimental using in situ remote sensing techniques, the results hold true for hyperspectral remote sensing images as well, as the same sensing instruments are Original Research: Spatial epidemiology risk assessment for rehabilitated former asbestos mining areas used on board satellites. This study revealed the presence of asbestos fibres on rehabilitated sites. Except for the water media, remote sensing techniques can be used to monitor asbestos pollution and its spatial distribution over dry land surface. This will, however, be limited to hyperspectral imagery.
Implications for public health
Asbestos is a serious health hazard when exposed to the public in its finest form over an extended period. If asbestos polluted environments remain unmonitored, fine particles of asbestos fibres released into the air could reach critical levels and become a hazard. An exposure dosage of 500 fibre years (i.e. 50 years of breathing air with fibre concentration of 10 f/ml) will cause asbestos-related illnesses in most people. 23 The Helsinki criteria for the risk of developing lung cancer is an estimated cumulative exposure to 25 fibres per millimeter per year and retained fibre levels of two million amphibole fibres per gram of dry lung tissue. 24 Because of chronic effects of asbestos, it may take approximately 30 years before the first signs of asbestos illness are identified in people. 3 The level of fine asbestos fibres may increase to higher concentrations in the atmosphere. This is because of land use activities currently continuing on the rehabilitated environments. This study revealed the presence of asbestos fibres on rehabilitated sites using both remote sensing and conventional laboratory-based sample testing techniques. It has demonstrated that remote sensing techniques can be used to monitor asbestos pollution and its spatial distribution over dry land surfaces. As the results hold true for hyperspectral imagery as well, space-and air-borne remote sensing could, therefore, be used to monitor the distribution of asbestos fibres in the environment.
Space-and air-borne remote sensing provides less labour intensive opportunities for environmental assessments. They provide data and information for areas that are less accessible on the ground, and their spatial and temporal resolution is continuously being improved. This technique may, therefore, contribute positively to the public health sector for various applications in spatial epidemiology by providing regular, comprehensive and reliable data on pollution. Several hyperspectral sensors are currently under development which will make it possible to map the distribution of asbestos fibres over larger surface area. Current mapping experimentations reveal a promising output, which may be applicable to South Africa. 25 
Conclusion
The study reported in this paper showed that different types of asbestos minerals can be spectrally distinguished using remote sensing techniques. It also demonstrated that reflectance spectroscopy can be used to monitor the distribution of asbestos minerals over the dry soils of the rehabilitated environments. This was confirmed through the use of conventional analytical methods (XRD and SEM). This study also
showed that there is presence of asbestos minerals on the rehabilitated sites. It is important that the findings of this study can be applied with hyperspectral imaging to monitor larger areas, which will be relatively cost-effective, and time-saving compared to detailed laboratory investigations.
